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I. INTRODUCTION AND SUMMARY 
Contained i n  this  r e p o r t  is a summary of t h e  progress 
made du r ing  the period of t i m e  f r o m  June through December, 
1966 on work supported through t h e  L e w i s  Research Center  of 
NASA. This  work begun i n  June, 1966 c o n s t i t u t e s  an  area of 
s u r f a c e  phys ics  invo lv ing  a s tudy  of the damage produced on 
the s u r f a c e  of m e t a l  s i n g l e  c r y s t a l s  du r ing  ion  bombardment 
u s i n g  x r a y  methods. The technique t o  be developed as part 
of t h i s  s tudy  w i l l  be u s e f u l  i n  suppor t ing  the i n v e s t i g a t i o n  
of m e t a l  s i n g l e  c r y s t a l s  us ing  low-energy e l e c t r o n  d i f f r a c t i o n  
methods as w e l l  as other areas of i n v e s t i g a t i o n  where informa- 
t i o n  as t o  t h e  d i s l o c a t i o n  d e n s i t y  and i n t e r s t i t i a l  c o n t e n t  
of a s u r f a c e  under u l t r a  h igh  vacuum is u s e f u l .  O t h e r  such 
areas might be i o n  implan ta t ion  s t u d i e s ,  r o l l i n g  c o n t a c t  
s t u d i e s ,  etc.  1 
Another area of i n t e r e s t  is  tha t  o f  apply ing  s t a n d a r d  
x r a y  techniques  t o  the de termina t ion  o f  c e r t a i n  thermodynamic 
properties o f  cesium g a s ,  e .g . ,  isothermal c o m p r e s s i b i l i t y ,  
and p o s s i b l y  the ion  - i o n  i n t e r a c t i o n  p o t e n t i a l .  The methods 
however t o  be used are f a i r l y  d i r ec t  and s t r a i g h t f o r w a r d ,  2,3 
the l a t t e r  parameter may be q u i t e  s e n s i t i v e  t o  exper imenta l  
c o n d i t i o n s .  
The work reviewed above and as o u t l i n e d  i n  the proposal 
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w i l l  be accomplished u s i n g  t w o  major appa ra tus  f ac i l i t i e s .  
The first f a c i l i t y  i s  a double c r y s t a l  x r a y  spectrometer i n  
conjunct ion  
i o n  gun for  
f a c i l i t y  is 
anode x r a y  
w i t h  an u l t r a h i g h  vacuum ( 10-loTorr) chamber and 
t h e  i o n  bombardment damage s t u d i e s .  The second 
t h e  4 - s l i t  s c a t t e r i n g  geometry 2,3 w i t h  a r o t a t i n g  
tube  and a p p r o p r i a t e  power supply  fo r  the cesium 
gas s t u d i e s .  
11. SINGLE CRYSTAL DAMAGE STUDIES 
Theoretical and Problem Evalua t ion  S t u d i e s  
Much a t t e n t i o n  h a s  been g iven  t o  t h e  des ign  of the 
experiment and t o  the n e c e s s a r i l y  c o n t r o l l e d  parameters. 
q u e s t i o n s  of major concern have been: A.  What i s  the s e n s i -  
t i v i t y  of the x r a y  method t o  d e t e c t i n g  s m a l l  changes i n  t h e  
s u r f a c e  cond i t ion  due t o  ion bombardment s i n c e  t h e  volume of 
material damaged by the ions  is q u i t e  s m a l l  compared t o  the 
volume seen  by t h e  x r ays?  
a vacuum environment around the c r y s t a l  s i n c e  the x r a y  pene- 
t r a t i o n  depth  is  such that  s u r f a c e  contaminat ions shou ld  not  
be seen? 
Two 
and B. What is the n e c e s s i t y  f o r  
Answers t o  q u e s t i o n  A have been d i scussed  wi th  many re- 
searchers (Univ. of Wisc., Ohio State,  MIT, Mellon I n s t i t u t e ,  
ORNL) and no d e f i n i t i v e  answer h a s  been found. One posi t ive 
- 2 -  
I 
. 
r e a c t i o n  has been that  the s t r a i n  f i e l d s  in t roduced  by d i s -  
4 l o c a t i o n s  ex tend  s o m e  d i s t a n c e  f r o m  the d i s l o c a t i o n  c e n t e r  
and hence that  d i s l o c a t i o n s  a t  t h e  s u r f a c e  set up s t r a i n  
f i e l d s  p e n e t r a t i n g  i n t o  the c r y s t a l  so that  x r a y  d e t e c t i o n  
is  possible. 5'6 
been reso lved .  
However  t he  s e n s i t i v i t y  q u e s t i o n  h a s  no t  y e t  
A p re l imina ry  experiment w a s  t o  be r u n  a t  NASA L e w i s  by 
J. F e r r a n t e ,  J. S i n g e r ,  and L. B. S h a f f e r  i n  which a c r y s t a l  
would be ion  bombarded i n  t h e  LEED System, then  mounted i n  a 
s t a n d a r d  x r a y  d i f f r a c t o m e t e r ,  and the rocking  curve o b t a i n e d  
for v a r i o u s  bonibardment t i m e s .  This  experiment may have i n d i -  
c a t e d  the s e n s i t i v i t y  o f  t h e  method a t  least t o  damage produced 
by ion  bombardment and hence g iven  a par t ia l  answer t o  q u e s t i o n  
A .  But whether the damage seen  would be due t o  the i o n  b o m -  
bardment induced damage or t o  s u r f a c e  contaminat ion induced 
damage would no t  be determined s i n c e  the c r y s t a l  is n e c e s s a r i l y  
n o t  kept  i n  a c o n t r o l l e d  vacuum environment.  However for  
numerous r easons ,  b u t  p a r t i c u l a r l y  due t o  r e l o c a t i o n  of equip-  
ment a t  L e w i s ,  the above experiment has not  y e t  been c a r r i e d  
o u t .  
Answers t o  q u e s t i o n  B are about  as nebulous as those t o  
q u e s t i o n  A except t h a t  s u r f a c e  contaminat ion i n  e l e c t r o n  
microscopy due t o  " d i r t y "  vacuum systems has been a real 
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7 problem i n  in t roduc ing  damage i n t o  t h e  sample. Evidence is  
a l so  a v a i l a b l e  that  t h i n  f i l m s  depos i t ed  on s i n g l e  c r y s t a l  
S i  wafers s i g n i f i c a n t l y  s t r a i n  t h e  wafers as observed by x r a y  
8 t echniques .  
Thus al though p r e l i m i n a r y  d e f i n i t i v e  informat ion  as t o  
the above q u e s t i o n s  has not been ob ta ined ,  t h i s  i s ,  a f t e r  a l l ,  
the purpose of the g r a n t :  i .e. t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  
of t h i s  technique as an important too l  i n  the s t u d y  of s i n g l e  
c r y s t a l  s u r f a c e  damage. W e  have,  t h e r e f o r e ,  forged ahead i n  
t h e  des ign  and development of an  appropriate ins t rument  t o  make 
the i n d i c a t e d  measurements. 
It is a n t i c i p a t e d  t h a t  t h e  appa ra tus  as designed w i l l  n o t  
on ly  a l l o w  measurements of the rocking  curve  w i d t h s  as pro- 
posed b u t  a l so  w i l l  a l l o w  topographic p i c t u r e s  a f te r  t h e  
method of Deslattes’ and poss ib ly  s o m e  e x t i n c t i o n  measurements. 
The s e n s i t i v i t y  of the method d e f i n i t e l y  depends on the amount 
of damage p r e s e n t  i n  t h e  c r y s t a l ,  e.g. rock ing  curve methods 
4 2 10 are not  s e n s i t i v e  up t o  d i s l o c a t i o n  d e n s i t i e s  of  10 /cm . 
Thus depending on the p a r t i c u l a r  c r y s t a l ,  one method of  ob- 
s e r v i n g  t h e  damage may not  be adequate  and o t h e r  methods w i l l  
need t o  be i n v e s t i g a t e d .  It is a n t i c i p a t e d  tha t  t w o  k inds  of 
Cu c r y s t a l s  can be analyzed - one w i t h  less than  10  3 d i s l o c a -  
tions/cm2 and one w i t h  1 0  6 t o  10 8 d is loca t ions /cm2.  
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Experimental  Procedures and Apparatus Requirements 
Vacuum System and Double C r y s t a l  Spectrometer  
The des ign  of a double c r y s t a l  x r a y  spectrometer 
w i t h  enough f l e x i b i l i t y  for a l l  the vacuum requi rements ,  
c r y s t a l  motion requi rements ,  i o n  gun and e l e c t r o n  gun geome- 
t r y ,  e tc .  is q u i t e  a demanding t a s k .  Design i d e a s  began 
wi th  a "vacuum-oriented" system i n  which both c r y s t a l s  w e r e  
mounted on p r e c i s i o n  r o t a r y  feedthroughs i n  t h e  s a m e  18" 
d iameter  vacuum chamber. This des ign  has the advantage of 
f u t u r e  f l e x i b i l i t y  w i t h  the  vacuum system and convenient  
in te rchange  o f  i on  bombardment, e l e c t r o n  bombardment, and 
x r a y  a n a l y s i s  procedures .  However, no t  on ly  w a s  the place- 
ment o f  the x r a y  ex i t  and e n t r a n c e  windows a problem so as 
t o  have access t o  a l l  the d e s i r e d  Bragg r e f l e c t i o n s ,  b u t  a lso 
the requirements  on the r o t a r y  motion feedthrough dev ices  
w e r e  q u i t e  s t r i n g e n t  due t o  the c r y s t a l  a l ignment  requi rements .  
The c r y s t a l  faces must remain parallel t o  a given ( u s u a l l y  
v e r t i c a l )  l i n e  t o  w i t h i n  25 seconds and for  complete a n a l y s i s  
must be r o t a t e d  through ang le s  as s m a l l  as 1 second about a 
ver t ica l  ( u s u a l l y )  axis. 
Two b i d s  w e r e  rece ived  on t h e  above system each approxi- 
mating $28,000, w i t h  one (Varian)  be ing  submit ted only  a f te r  
a des ign  c o n t r a c t  t o  cons ider  the p r e c i s i o n  r o t a r y  feedthrough 
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requirements .  The receiving o f  bids has been one of the 
h indrances  t o  the g r a n t  program t o  d a t e .  
modified system t o  t h a t  above w a s  received f r o m  a t h i rd  c o m -  
pany b u t  the i r  bid w a s  q u i t e  high due t o  t h e i r  l i m i t e d  
c a p a b i l i t y .  
A b i d  on a s l i g h t l y  
The nex t  des ign  i d e a  w a s  an  "x ray -o r i en ted"  system 
which f e a t u r e s  an  8" vacuum chamber, w h i c h  can be p r e c i s e l y  
l o c a t e d  on a s t anda rd  double c r y s t a l  spec t rometer  for  x r a y  
a n a l y s i s  of a c r y s t a l  mounted i n s i d e  and then  can be a t t a c h e d  
t o  a vacuum system through a va lve  arrangement so  t h a t  i o n  
bombardment and rough pumping is  accomplished through the 
v a l v e s .  This des ign  has the advantage t h a t  t h e  necessary  
tilt and t r a n s l a t i o n  adjustments  on the c r y s t a l  can be made 
e x t e r n a l  t o  the vacuum chamber by p o s i t i o n i n g  t h e  e n t i r e  
chamber on a p r e c i s i o n  s p i n d l e  i n  a i r .  However, the 8" vacuum 
chamber is  l i m i t e d  t o  approximately 7 2  pounds due t o  load  
l i m i t a t i o n s  of  the p r e c i s i o n  s p i n d l e .  Thus the a d d i t i o n a l  
vacuum system is  necessary and provides  space f o r  the large 
i o n  pump, roughing pumps, i o n  gun, partial  p r e s s u r e  gauge 
t u b e ,  etc.  This  means t h a t  t h e  i o n  bombardment t a k e s  place 
w i t h  the ion  beam t r a v e l i n g  through t h e  2 s t r a i g h t - t h r o u g h  
v a l v e s .  A l s o ,  the  c r y s t a l  must be rotated 180° t o  face the 
i o n  b e a m  and then  re turned  t o  the same p o s i t i o n  under the re- 
quirements  for c r y s t a l  l o c a t i o n  g iven  above f o r  the x r a y  
a n a l y s i s .  
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A f t e r  cons ide r ing  the advantages and d isadvantages  of 
the t w o  systems desc r ibed  above a c o n t r a c t  w a s  l e t  on 29 
December, 1966 t o  Varian Associates t o  c o n s t r u c t  t h e  special 
chamber, provide a s t a n d a r d  1 2 "  vacuum system, and supply  the 
par t ia l  p r e s s u r e  ana lyze r .  N o  d e c i s i o n  has been made on the 
double c r y s t a l  spectrometer b u t  it m o s t  c e r t a i n l y  w i l l  be 
s imilar  t o  one a t  O h i o  State. 
X Ray Equipment 
I n  a d d i t i o n  t o  t h e  vacuum system and spectrometer 
a n  x r a y  source ,  power supply,  and detector are r e q u i r e d .  
An x r a y  power supply h a s  been b u i l t  a t  H i r a m  and is now about  
90% complete, l a c k i n g  only s e v e r a l  s low-del ivery i t e m s .  The 
c i r c u i t s  have a l l  been checked o u t  as f a r  as possible and i f  
a l l  goes w e l l ,  the 5 0 W ,  200MA power supply ,  r e g u l a t e d  t o  
0.1% on both  v o l t a g e  and c u r r e n t  and i n t e r l o c k e d  w i t h  the 
x r a y  t u b e ,  shou ld  be o p e r a t i o n a l  i n  February.  The w a t e r -  
cooled r o t a t i n g  anode x r ay  tube  i s  i n  o p e r a t i n g  c o n d i t i o n  
after be ing  l e a k  checked and pumped down t o  2 x Torr f o r  
the past s e v e r a l  months. However t h i s  t ube  w i l l  probably no t  
be used w i t h  the spec t rometer  s i n c e  it is not  ve ry  e a s i l y  
moved. A new m u l t i - t a r g e t  x r a y  tube  may have t o  be des igned  
or  commercial d i f f r a c t i o n  t u b e s  (4 are needed) purchased for  
use  wi th  the spectrometer. The r o t a t i n g  anode tube  w i l l  be 
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used w i t h  t h e  4 - s l i t  s c a t t e r i n g  geometry for t h e  cesium gas 
s c a t t e r i n g  t o  be described below. The power supply w i l l  be 
used for bo th  exper imenta l  s e t u p s  as long  as concur ren t  u se  
is f e a s i b l e .  It may be necessary  t o  a c q u i r e  a n o t h e r  power 
supply (50KV, 50MA) for use w i t h  the spectrometer i f  machine- 
t i m e  schedul ing  becomes crowded. 
A s c i n t i l l a t i o n  detector i n  con junc t ion  w i t h  a 400 channel  
ana lyze r  w i l l  be used t o  analyze the spec t rometer  d a t a .  Com- 
p l e t e  rocking  curves  w i l l  be stored i n  100 channel  w i d e  b locks  
and intercompared before read-out.  A l s o ,  the spectral distri- 
b u t i o n  can be e a s i l y  monitored w i t h  the 400 channel  a n a l y z e r .  
A v e r s a t i l e  r eco rd ing  system is be ing  set up w i t h  a te le-  
t y p e w r i t e r  and paper tape punch so t h a t  e i t h e r  t h e  400 channel  
a n a l y z e r  or the s i n g l e  channel s y s t e m  used w i t h  the  4 - s l i t  
geometry w i l l  gene ra t e  hard copy o r  punch paper tape through 
the t e l e t y p e .  C e r t a i n  problems of i n t e r f a c i n g  t h e  t e l e t y p e  
w i t h  the x r a y  d e t e c t o r  e l e c t r o n i c s  and IBM computors are 
about  solved.  This s y s t e m  w i l l  be e a s i l y  conver ted  for  use  
w i t h  any automation equipment dec ided  upon t o  use  w i t h  the 
4-slit geometry o r  the spec t rometer .  
Assuming that  a dec i s ion  i s  made soon on the double 
c r y s t a l  spectrometer and tha t  d e l i v e r y  of t h e  vacuum system 
i s  i n  e a r l y  A p r i l ,  the s y s t e m  shou ld  be completely se t  up and 
p re l imina ry  data a v a i l a b l e  by June,  which schedule  is i n  
accordance w i t h  that  proposed. 
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111. CESIUM SCATTERING STUDIES 
Theoretical and Problem Evaluation Studies 
To date not much thought has been given to the theo- 
retical problems involved with relating certain thermodynamic 
properties of gases to their x ray scattering curve. For 
certain parameters, e.g. isothermal compressibility, density, 
etc., such relations are available and some experimental tech- 
nique developed. 2'3 
Lewis last October, interest was apparent in the possibility 
of being able to experimentally determine the ion - ion 
interaction and atom - atom interaction in cesium gas. 
work will be done in this area during the next 12 months. 
However, in a discussion meeting at NASA 
More 
Experimental Procedures and Apparatus Requirements 
Since the isothermal compressibility, density, etc. 
are useful parameters obtained from x ray scattering data, 
work has begun on the experimental equipment necessary. 
Actually, most of the equipment needed for these measurements 
was already available at Hiram due to a previous research 
grant from Research Corp. Certain modifications were recently 
made in the 4-slit scattering geometry so now all that is 
needed is a properly-designed Cs gas sample holder. 
Since these parameter measurements depend on knowing the 
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r 
r a t i o  of t h e  power i n  t h e  b e a m  i n c i d e n t  on t h e  sample t o  
tha t  scattered f r o m  the sample (so-called "abso lu te  i n t e n s i t y ' '  
measurements), some p re l imina ry  e f f o r t  w i l l  be necessary  t o  
check our  b e a m  c a l i b r a t i o n  procedures  and t o  i n v e s t i g a t e  
c e r t a i n  problems i n  these measurements. Work h a s  begun i n  
t h i s  d i r e c t i o n  as the p r i n c i p a l  i n v e s t i g a t o r  is g i v i n g  a n  
i n v i t e d  review paper on t h i s  topic next  month i n  New York C i ty .  
IV.  CONCLUSIONS, RECOMMENDATIONS, AND -PROBLEMS 
The i n i t i a l  t i m e  pe r iod  d i s c u s s e d  i n  t h i s  report has been 
a d i f f i c u l t  one i n  that  a t t empt ing  t o  set up  a research group 
h e r e  a t  H i r a m  we  are not  only s e t t i n g  up t h e  equipment and 
program t o  do the g r a n t  work b u t  a lso a t t empt ing  t o  r eo rgan ize  
and create c e r t a i n  suppor t  f ac i l i t i e s  which are necessa ry  for  
research b u t  which are not p r e s e n t l y  a v a i l a b l e  a t  H i r a m .  These 
problems w e r e  n o t  unan t i c ipa t ed  b u t  a t t empt ing  t o  solve them 
h a s  s t i l l  involved a c e r t a i n  amount of t i m e .  Apparent ly ,  these 
fac i l i t i es  w i l l  become a v a i l a b l e  after some more e f fo r t  and 
w i l l  g r e a t l y  enhance the NASA-supported r e s e a r c h  program. 
The r e o r g a n i z a t i o n  of r e s e a r c h  groups a t  L e w i s  d i r e c t l y  
concerned w i t h  t h e  g r a n t  work as w e l l  as the change i n  the 
l i a i s o n  man a t  L e w i s  have a l l  c o n t r i b u t e d  de lays  and uncer- 
t a i n t i e s  i n t o  t h e  work schedule .  
i nvo lve  a budget problem s i n c e  t h e  proposal work w a s  part  of 
The r e o r g a n i z a t i o n  may a l so  
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a n  in-house research program a t  Lewis i n  which close colla- 
b o r a t i o n  w i t h  Lewis Research Center  w a s  a n t i c i p a t e d  as w e l l  as 
loan  and t r a n s f e r  of c e r t a i n  i t e m s  of equipment no t  r e q u e s t e d  
d i r e c t l y  i n  the proposal. S ince  the i n t e r e s t  of the L e w i s  
Research Center  has sh i f ted  a l o n g  w i t h  the r e o r g a n i z a t i o n ,  
c e r t a i n  a d d i t i o n a l  i t e m s  of equipment may be necessary .  A l s o ,  
c e r t a i n  i t e m s  w e r e  underest imated ($15,000 i n s t e a d  o f  $28,000 
f o r  the vacuum double c r y s t a l  spectrometer) and omitted,  such 
as the 400 channel ana lyzer .  Thus, i n  o r d e r  t o  main ta in  the 
spending rate i n  accordance w i t h  the  f i n a n c i a l  o p e r a t i n g  p l a n  
a separate r e q u e s t  w i l l  be made t o  t r a n s f e r  t o  H i r a m  i n  suppor t  
of the g r a n t  c e r t a i n  i t e m s  of equipment which may be available 
a t  L e w i s  i n  r e s i d u a l  inventory .  
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